A novel continuously tunable lowpass filter (LPF) with compact size, sharp roll-off and low insertion loss is presented in this paper. The filter employs two varactor diodes, a pair of open-ended coupled lines and a U-shape step impedance line (SIL) with an open-ended stub loaded at the centre of the SIL to form a very compact layout. The odd-and evenmode analysis and equivalent circuit model are demonstrated for estimation of the transmission characteristics. Tuning the DC voltage applied on the varactor diodes, the varactor capacitance accordingly changes leading to a varying cutoff frequency f c . The measured results show that the achieved 3-dB f c tuning range is 60.6% (1.15 to 2.15 GHz). The measured insertion loss (IL) and roll-off rate are 0.2-0.4 dB and 50-73 dB/GHz, respectively. The overall size of the LPF is only 0.005λ g 2 , which shows a competitive advantage comparing with the state-of-the-art work.
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Accordingly, the S-parameters of the LPF can be expressed as
where, Y o is the port admittance. So equations (1)- (3) can be used to depict the transmission characteristics and predict the transmission zeros and poles during LPF design.
The equivalent circuit models in Yoo, Yoe, θ 1 The two transmission poles (TP1 and TP2) as shown in Fig. 4a are determined by the odd-mode and even-mode resonant frequencies, which are given by equation (3) . To explore the tuning mechanism of this LPF, the variation of 3-dB cutoff frequency f c against l 4 is shown in Fig. 4b , where l 4 is corresponding to the capacitive impedance C 3 as shown in Fig. 2b . According to Fig. 4b , as the length l 4 increases from 18 to 22 mm, f c and TP2 move towards the lower frequencies while TP1 almost remains unchanged. This is because the length l 4 only affects even mode frequency according to equations (1) and (2).
Based on the above analysis, two varactor diodes are placed at the end of the open-ended stub taped on the center of the U-shape SIL. The two varactor diodes are corresponding to the varying capacitance indicated by the length l 4 . The layout of the proposed tunable LPF is shown in Fig. 1b . After optimization, the dimensions of the proposed tunable LPF are: l 5 =13 mm, l 6 =7 mm, l 7 =4 mm, l 8 =3 mm, w 5 =0.3 mm, w 6 =0.4 mm, w 7 =0.1 mm, w 8 =0.2 mm, g 2 =0.3 mm. The junction capacitance of the diodes SMV-1234-079LF changes from 1.7 to 4.8 pF. The bias resistor of 270 Ω is applied to block the RF signal leakage. Fig. 4c shows the simulated frequency responses of the proposed tunable LPF with different capacitor C v . It is noted that, when the C v increases, the cutoff frequency f c tends to shift downward with a reduced upper-stopband attenuation. The roll-off remains within a relatively stable range varying between 60 and 77 dB/GHz.
Experiment and discussion:
The proposed tunable LPF was fabricated and measured by a R&S ZVL6 vector network analyzer. Fig. 5 shows the photograph of proposed tunable LPF. In Fig. 4d , three groups of the measured frequency responses are demonstrated. As is shown, when the voltage is 1.1, 3 and 5.7 V, respectively, the 3-dB cutoff frequency is tuned to 1.15, 1.7, 2.15 GHz, respectively, while maintaining a return loss better than 10 dB. What's more, the measured roll-off varies between 50 to 73 dB/GHz. The difference between the simulated (Fig.   4c) and measured (Fig. 4d ) results owes to fabrication toleration and accuracy of the diode SPICE model. Table 1 shows a comparison between the proposed tunable LPF and other state-of-the-art work. It is obvious that the proposed tunable LPF is not only realized in a simple layout pattern, but also presents a very competitive performance over the counterparts. 
Conclusion:
A novel compact tunable lowpass filter with low insertion loss, sharp roll-off and wide tuning range realized in a simple structure is reported in this paper. The experimental results approve that the proposed design has the merits of low insertion loss (0.2-0.4 dB), sharp roll-off (50-73 dB/GHz) and wide tuning range (60.6%). The miniaturized design only has a size of 0.005λ g 2 which is a cost-effective and easy-to-integrate solution in the reconfigurable wireless systems.
